Abstract: Wall shear rates and pressure developed in blood vessels play an important role on the development of some clinical problems such as atherosclerosis and thrombosis. In the present work, blood flow behaviour was numerically studied in simplified domains and several relevant local properties were determined. We believe that the obtained results will be useful in the interpretation of some phenomena associated to some clinical problems. To describe the rheological behaviour of blood, three constitutive equations were usedconstant viscosity, power-law and Carreau model. Numerical predictions for the blood flow in stenosed channels were in good agreement with analytical results, indicating that the computational model used to describe the studied problem is reliable. Pressure attains maximum values close to the top of the atheroma and shear rates achieved maximum values at the walls located in the nearby of the atheroma. It was also observed that, with the studied flows, the impact of the non-Newtonian behaviour of the blood on the velocity profiles was not significant. This observation can be explained by the magnitude of the obtained shear rates.
INTRODUCTION
The survival of a complex organism with large dimensions, like the human *Address correspondence to Ricardo P. Dias: Departamento de Tecnologia Química e Biológica, Escola Superior de Tecnologia e Gestão de Bragança, Campus de Santa Apolónia, 5301-857 Bragança, Portugal; E-mail:ricardod@ipb.pt organism, requires a system prepared to transport several substances for and from every organism's cells [1] [2] [3] . This is the principal function of the circulatory system. In this system, the blood is an aqueous vehicle responsible for the transportation of nutrients, oxygen, chemical mediators, antibodies, defense cells and toxic substances [1] , maintaining the ideal environment for the survival and function of the entire organism cells [3] .
Blood
The blood is an opaque and heterogeneous fluid composed by a yellowish fluidthe plasma-and a series of cellular elements [1] . The blood is contained in a closed compartment-the circulatory system-that keeps it in motion in a unidirectional stream [4] . In an adult, the volume of blood is about 7% of the body weight or about 5 liters (in an adult with about 70 Kg of body weight) of which almost 60% is plasma [5] .
The blood cells have a short lifetime in the blood flow. Therefore, they are constantly replaced for new cells [4, 5] . The blood cell formation process is designated as hemocitopoiesis or hematopoiesis [4] .
The steam cell is rare, less than one in every 10000 nucleated cells of the bone marrow. The mitotic division of the steam cell originates two daughter cells, one remains as steam cell and the other will pursue for one of two differentiation ways: the lymphoid way, which gives origin to lymphocytes, and the myeloid way that gives origin to the rest of the blood cells [3, 4, 6] .
Blood Rheology
Inside de normal circulatory flow, blood behaves as a non-Newtonian fluid. As a first approach, blood viscosity can be determined by the viscosity of plasma and internal friction between plasma and the cells in suspension (solution-gel) [7] .
Four factors influence the viscosity: hematocrit, temperature, velocity and diameter of the blood vessel, as it will be described below.
The hematocrit increase leads to the increase of the viscosity (Fig. 1) . When the hematocrit overcomes 80%, blood cannot be considered a fluid but a gel. For the referred levels of hematocrit, the erythrocytes become aggregated in a way that the blood flows with difficulty and, consequently, the cardiac work is huge [8] . Under normal conditions, temperature ( Fig. 2) does not play an important role in the blood viscosity. However, in in vitro experiments, surgeries requiring circulation outside the body and hypothermic conditions, there is an increase of the blood viscosity [8] . Since blood is not a Newtonian fluid, blood viscosity varies with the flow velocity, as presented in Fig. 3 . The blood only flows when a certain tangential force is exceeded and, after this force, presents a pseudoplastic behaviour, i.e., its viscosity decrease with the increase of the velocity, until a certain limit is reached [8] .
Johnston et al. [9] explored the rheology of blood during the flow in arteries and concluded that the non-Newtonian behaviour of the blood could be well described by the power-law model and Carreau model. These models are mathematically described by the following equations, respectively: 
,
where  is the viscosity of the fluid, K the consistency index, n the flow index behavior, the shear rate, η ∞ the viscosity for high shear rates, η 0 the viscosity for low shear rates and  the natural time. For the blood, the rheological parameters present in the equations referred above are presented in Table 1 . The viscosity of the blood is also dependent from the diameter of the vessel, Fig. 4 .
The blood viscosity achieves a constant value for a diameter higher than 0.25 mm. However, for lower diameters the viscosity tends to decrease with the reduction of the diameter. This effect is known as the Fahraeus-Lindqvist effect [8] . There are evidences that suggest that this phenomenon disappear or can even be reversed for low velocities [10] .
Numerical Analysis of Blood Flow

STP Flows on Chemical and Biomedical Engineering 493
Figure 4: Schematic representation of the relation blood viscosity vs. diameter vessel.
Blood Flow in Arteries with Atheroma
Arthrosclerosis means literally "arteries hardening", however it is a generic term that refers to three patterns of vascular diseases which have the hardening and loss of elasticity of the arteries walls as a common factor [11] .
The dominant pattern is atherosclerosis, characterized by the formation of fibrous plaques that generally exhibit a centre rich in lipids.
The atherosclerosis is very common among the population of North America, Europe, Australia, New Zealand, Russia and other developed countries. On the other hand, and judging by the number of deaths attributed to ischaemic cardiopathy (including myocardial infarction), this disease is less prevalent in Central America, South America, Africa and Asia. For instance, the mortality rate due to ischaemic cardiopathy in the United States of America is among the largest of the world, being six times greater than in Japan. Meanwhile, the Japanese who migrate to the United States of America and adopt the American lifestyle and diet also acquire the predisposition for atherosclerotic diseases typical among the American population.
The prevalence and gravity of the disease amongst individuals and groups-and, therefore, the age when it has more probability to cause lesions in an organic and tissue level-are intimately connected with several factors, some constitutional, and therefore immutable; and others acquired and potentially controllable. The risk factors that predict atherosclerosis and consequent ischaemic cardiopathy were identified through a series of studies in well determined groups of the population, being the most notable the Framingham (Massachusetts) study and the Multiple Risk Factor Intervention Test (MRFIT). The constitutional factors include age, sex, genetics, hyperlipidemia, hypertension, tabagism, Diabetes Mellitus, elevated plasma levels of homocystein, factor that affects hemostasis, thrombose, and others [11] .
The clinical manifestations of atherosclerosis correspond to the manifestation of its complications (thrombosis, calcification, aneurysmic dilatation) and the distal ischaemic events (in the heart, brain, inferior members and other organs). Knowing all these atherosclerosis consequences, intense efforts are being made in order to develop methods to try and minimise this big problem. Therefore there are involved primary prevention programmes, which have the objective to slow the atheroma formation or to induce the regression of established lesions in individuals that have never suffered any severe complication; and programmes of secondary prevention, destined to avoid certain events complications, as the myocardial infarction [11] .
NUMERICAL APPROACH
Numerical predictions of velocity, pressure and shear rate distributions inside channels with atheromas can be obtained by solving sets of conservative mass and momentum equations using the finite-element method. Since experimental study of blood flow in the circulatory system is not an easy task, the numerical results can be useful in order to understand the blood behaviour in stenosed arteries/vessels.
Model Details
The conservation of mass and momentum equations for steady laminar incompressible flow were solved by the finite-element software package POLYFLOW ® and the simulations were performed using a Dell Workstation PWS530 with 1GB of RAM.
In the numerical calculations, blood was treated, in some cases, as Newtonian fluid, and in other ones, as a non-Newtonian fluid, its rheology being described, in the latter case, by the power-law (equation (1)) and Carreau (equation (2)) models.
Geometrical Domain and Mesh Generation
Numerical simulations were performed in order to analyze not only the influence of the rheological properties of the blood on its flow in a channel with atheroma, but also the impact of the stenosis degree.
Simulations were carried out in five channels with a rectangular cross section presenting different stenosis degrees, ( Table 2 and Fig. 5 ). All the channels had the same width, , length, and height, . The atheroma in each of the channels had a rectangular shape with a width of 30 mm and variable height (see Table 2 ). The values of stenosis degrees were defined as the ratio between the height of the channel and the height of the atheroma. The established values allows the study in the usual range of the stenosis degree (the obstruction of the vascular lumen shouldn't exceed 50%)-channels C1, C2 and C3-and out of the referred rangechannels C4 and C5. 
The discretization of the stenosed channels was made using a structured uniform grid constituted by quadrilateral elements with 1.75 mm. The size of the elements was fixed after a grid independence test. The grids were successively refined and the velocities obtained with the different meshes were compared. The results were considered to be independent of the mesh when a difference bellow 1 % (in the Fanning friction factor) was achieved [12, 13] .
Boundary Conditions
The boundary conditions were established in order to reproduce the conditions of experimental works performed with similar channels [14] . In the inlet (plane ), a constant flow rate was imposed in order to achieve a mean velocity of 4.5 mm/s and non-slip at the walls was admitted. Additionally, planes of symmetry were imposed in the lateral walls of the channels.
Numerical Resolution
The equations solved were the conservation of mass and momentum equations for laminar incompressible flow of blood. The problem is a non-linear problem, so it was necessary to use an iterative method to solve the referred equations. In order to evaluate the convergence of this process, a test based on the relative error in the velocity field was performed. For the velocity field, the modification on each node between two consecutive iterations was compared to the value of the velocity at the current iteration. In the present work, the convergence value was set to 10 -4 , since this value is appropriate for the studied problem [13, [15] [16] [17] .
Model Validation
When computational fluid dynamics (CFD) calculations are performed, it is of extreme relevance to verify the reliability and exactness of the used model. For this purpose, comparisons of the CFD results with analytical solutions of similar but simpler flows or with high quality data from closely related problems reported in the literature can be used [18] .
In order to verify the reliability and exactness of the model used in this investigation, velocity profiles were compared with the analytical solution for the fully developed flow of a power-law fluid in flat infinite parallel plates [16] :
where u is the average velocity and is given by: ,
M v being the volumetric flow rate.
In Fig. 6 it is possible to observe the good agreement between the numerical velocities and equation (3) for both Newtonian (n = 1) and power-law fluid (n = 0.6) (maximum deviation of 0.60% and 1.68% for the Newtonian and power-law fluid, respectively). As expected, the maximum deviations were observed near the wall, since the velocities in this region were close to zero. To estimate the pressure drop, it is usual to use correlations between the Fanning friction factor and the Reynolds number, Re. For laminar flows it is well know that: 
where a is a coefficient dependent of the geometry. The Fanning friction factor and Reynolds number present in the latter equation can be calculated by their definitions:
.
In the definitions above, D e represents the equivalent diameter and is given by .
The values of the parameter a from the f-Re correlation (equation (5)), obtained when blood was considered a Newtonian fluid, are presented in Fig. 7 .
The values presented in Fig. 7 were determined dividing the geometrical domain in 23 subdomains with constant length (1 cm). So, parameter L u was defined, representing the number of the subdomains (L u = 0 and L u = 22 are the subdomains containing the inlet and the outlet of the channel, respectively). In Fig. 7 it is possible to observe that for fully developed flow (before and after the atheroma) coefficient a assumes a value very close to the one predicted analytically for flat infinite parallel plates (a = 24). The good agreement found between the numerical and analytical solutions allows confirming, once again, that the computational model describes well the studied flow. In this figure, it can also be observed that the coefficient a (and pressure drop) increases with the increase of the stenosis degree.
The coefficient a assumes maximum values close to the atheroma (see Fig. 7 ), this fact being explained by the maximums of the ratio between the interstitial velocity, u i , and mean velocity (see Fig. 8 ). The referred ratio and the coefficient a achieve maximums/minimums in the same regions since they can be related by the following expression: ,
K 0 being the shape factor of the channel [12] . 
RESULTS AND DISCUSSION
In the present work, velocity, pressure and shear rate profiles in stenosed channels were analyzed in order to understand the blood flow behaviour when this kind of pathologies appears.
The ratio between interstitial velocity and mean velocity can explain some relevant properties for the studied flow, like it was shown in the last section. The referred ratio is called tortuosity coefficient [13] , , and can be also defined by: ,
where L av is the average travel distance of a fluid element in a channel with length L, the former length being estimated, for instance, by the average length of streamlines presented in Figs. 9a, 9b and 9c.
In Figs. 9a, 9b and 9c it is possible to observe higher disturbances in the blood flow when a bigger atheroma exists in the channel-fluid elements are forced to make longer travels (Figs. 8, 9a, 9b and 9c) . 
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From the analysis of the velocity profiles, obtained for the different channels, it was possible to verify that the referred results are qualitatively the same when different rheological models (Newtonian, Carreau model and power-law model) are used (see Figs. 10a, 10b, 10c) . It was also verified that the influence of the stenosis degree is felt in the same way for the distinct rheological models, as can be observed in Figs. 11a, 11b, 12a and 12b, where velocity profiles in planes before the atheroma are presented for the non-Newtonian models used in this study.
In Figs. 11a and 11b it is possible to observe that the deviation from the parabolic shape of the velocity profile for a rectangular channel occurs for all the channels. The maximum of velocity moves from the center of the channel, obtained for a rectangular channel, in the direction of the top wall of the channel.
Closer to the atheroma (x = 0.1 m) it can be observed a stagnant region (close to the bottom wall of the channel) and a region with high velocities (close to the top wall of the channel), Figs. 12a and 12b. The proximity of the results presented in Figs. 11 and 12 can also be observed in Fig. 13 . It was observed that the magnitude of the velocities obtained with the different rheological models were slightly different. This fact is clearly shown on Fig. 13 using channel C3 (50% stenosis degree).
The velocity profiles presented in Fig. 13a possess a parabolic shape, typical of fully developed flows in rectangular ducts, while in Fig. 13b presence of the atheroma on the velocity field is already important. The stagnant region observed in Figs. 12 and 13c can be also observed in Fig. 10 , in the region right before the atheroma. Fig. 13d represents the velocity profile obtained in the left corner of the atheroma while Fig. 13e corresponds to the middle of the top edge of the atheroma, a parabolic profile being obtained at this latter point.
The proximity of the results obtained with the Newtonian and Carreau model (shown in Figs. 10 and 13 for 50% stenosis degree) wasn't observed, in the region of the atheroma, when testing the channel with 70% of stenosis degree. For that region and channel, the results obtained with the power-law and Carreau models were almost the same and different from the ones obtained with the Newtonian model. This fact can be explained by the magnitude of shear rates developed in the referred region.
The shear rate profiles were qualitatively the same for the distinct channels and rheological models, as happens with the velocity profiles. In Figs. 14a, 14b, 14c it is possible to observe that the shear rate maximums were obtained in the top edge of the atheroma, this behaviour being observed with all the channels. The maximum shear rate, , developed in a generic duct can be estimated by [19] :
where n is the flow index (power-law model) and ξ and  geometrical parameters of the duct, given by and . For parallel infinite plates these geometrical values are and since for the referred geometry.
The numerical results allow the calculation of the maximum shear rate along the top wall of the channels. The maximums obtained numerically were compared with the predictions of equation 10 for Newtonian (n = 1) and power-law fluid (n = 0.6) considering that the studied channels are from the flat infinite parallel plates type (Figs. 15a and 15b) . It was found a good agreement between the numerical results and equation 10, the maximum deviation being obtained with channel C5 (6.76% and 10.81% for Newtonian and power-law fluid, respectively).
For stenosis degree lower than 50% the maximum shear rates developed considering blood a Newtonian (Fig. 15a) fluid and using the Carreau model (Fig.  15c) were very close and assume values in the range 0.15-0.20 s -1 . The proximity of these results could be explained by the Newtonian behaviour predicted by the Carreau model in the referred range of shear rates, as can be observed in Fig. 16 . For channel C5 (70% of stenosis degree) the maximum shear rates obtained with the two non-Newtonian models were located between 0.6 and 0.7 s -1 . Once again, the dependence of viscosity on shear rate explains these results since for the Carreau model predicts a similar behaviour to the one predicted by the power-law model (Fig. 16) .
The initial lesion of an atheroma formation can trigger due to the turbulence of the flow. Most of the times, the formation of an atheroma is accomplished by a thrombus formation. It is thought that the location of higher pressures and velocities-in the top of the atheroma-promote the endothelium lesion and hence the formation of a thrombus, which normally conduce to a thromboembolism due to the high speeds and pressures. The pressure distribution (Fig. 17) in all the channels and with the different rheological models was analyzed and, once again, it was observed that, qualitatively, the distinct rheological models provided similar results. In Fig. 18 it is presented the pressure profiles along the intersection of the central plane (z = 6.25 mm) with the plane x = 0.1 m, this latter plane (x = 0.1 m) including the left lateral wall of the atheroma (x = 0.1 m). As suggested also by Fig. 17 , the pressure increased slightly along the left lateral wall of the atheroma and had a steepest increase close to the corner of the different atheromas. Above the different atheromas the pressure had a sudden decrease. These trends were observed with the different rheological models. From the figure shown above, it was confirmed that the maximum of the pressure is achieved close to the top of the atheroma, this fact being in agreement with the explanation found in literature [11] for the thrombus formation and consequent thromboembolism.
The pressure distribution along the top wall of the channels was also analysed (Figs. 19a, 19b and 19c) and it was observed that the pressure had, as expected, a sudden decrease along the atheroma (the atheroma begins in the plane x = 0.1 m) and reaches an asymptotic value near the end of the atheroma.
The blood flow rate decreases when several atheromas are present in the human organism. This decrease will cause ischaemia, i.e., an impairment of organs due to lack of irrigation and the consequent lack of oxygen. Consequences of this are the myocardial infarction (heart attack), cerebral infarction (stroke), aneurysms and gangrene. 
CONCLUSIONS
In the present work, blood flow in stenosed channels was numerically studied using the commercial finite element code POLYFLOW ® . The governative equations were solved using different constitutive models-Newtonian fluid, power-law model and Carreau model. Additionally, different computational domains were also analysed.
The used geometrical domains were 3D channels with a rectangular cross sectional area and different stenosis degrees were tested. For the construction of the referred geometries, two symmetry planes were considered in the lateral walls of the channels. Hence, the model validation was performed by using the analytical solutions for infinite parallel plates-local velocity profiles and coefficient a from the f-Re relation. The good agreement found between numerical and analytical solutions was useful in order to validate the numerical model.
The impact of the different rheological models in the velocity profiles were analysed and it was observed that velocities obtained with the power-law model were slightly different from the ones predicted when the blood was considered a Newtonian fluid or when Carreau model was used to describe the rheological behaviour of blood. However, in the region of the atheroma, the channel with a stenosis degree of 70% provided different velocity results when the Carreau model was used. In the latter channel, the velocities obtained with the power-law and Carreau models were similar and higher than the ones obtained assuming the blood as a Newtonian fluid.
Besides the velocity, pressure and shear rate developed in arteries/vessels were also studied since they play an important role in some clinical problems such as atherosclerosis. The maximum shear rates were achieved in the region of the atheroma, the numerical values being in good agreement with the results predicted by models from the literature. For stenosis degrees inferior to 50% the maximum shear rates obtained considering the blood a Newtonian fluid and using Carreau model were similar with values between 0.15 and 0.25 s -1 . However, in the atheroma region with 70% of stenosis degree, the maximum shear rate varied between 0.6 and 0.7 s -1 for both non-Newtonian models and values lower than 0.6 s -1 were obtained for the Newtonian fluid. These different trends were explained having in mind the behaviour of the rheological models with the variation of shear rate.
When the walls of the atheromas are submitted to large pressures, it is possible to generate an endothelium disruption and consequently lead to the formation of a new thrombus. The numerical results revealed that the pressure developed in the walls of the atheromas was higher in a region close to their top, fact that can explain the referred clinical problem.
